ABSTRACT: A CuO/Al 2 O 3 solid containing 0.2 mol% CuO (0.2CuO/Al 2 O 3 ) and three MoO 3 -doped variants of this material were all prepared via the wet impregnation method, the amount of dopant added to the CuO/Al 2 O 3 solid being 0.25, 1.0 or 2.0 mol% MoO 3 , respectively. All the samples prepared were heated in air to 350, 450 or 600°C, respectively, before being cooled to room temperature and stored.
INTRODUCTION
Copper-based catalysts have been used successfully over the past 30 years for the production of methanol from syngas at a temperature of ca. 230°C and pressures within the range 50-100 atm. In addition, the water-gas shift reaction may be effected at low temperature by a copper catalyst of different composition from that used for methanol synthesis (Millar et al. 1998) . Similarly, several authors (Friedman et al. 1978; Kanungo 1979; Jiang et al. 1997) have investigated the oxidation activity of a CuO/g-Al 2 O 3 catalyst towards the oxidation of carbon monoxide (CO) and methane (CH 4 ).
The effects of ZnO on the surface properties of CuO/Al 2 O 3 and the influence of the resulting solid on the CO oxidation reaction were studied previously by El-Shobaky et al. (1997) . It is now widely accepted that metallic copper particles provide the active sites for the reaction (Waugh 1992; Chinchen et al. 1987; Rasmussen et al. 1995; Yosihara et al. 1995) . The role attributed to ZnO is basically to increase the degree of dispersion of the copper phase in the calcined sample, in such a way that a high dispersion of copper metal can be attained when the system is activated by reduction. Its presence, therefore, leads to a higher concentration of active sites exposed to the reaction mixture (Bart and Sneden 1987; Chinchen et al. 1989 Chinchen et al. , 1990 . The addition of aluminium oxide has been reported to increase the BET surface area and the copper dispersion and to decrease the sintering of copper particles that occurs under normal working conditions (Bart and Sneden 1987; Chinchen et al. 1989 Chinchen et al. , 1990 .
To the author's knowledge, the role of MoO 3 treatment of the CuO/Al 2 O 3 system on its catalytic properties towards CO oxidation by O 2 has not been investigated previously. The present work was directed towards studying the effect of MoO 3 on the surface and catalytic properties of solid CuO/Al 2 O 3 catalysts. The techniques employed were X-ray diffraction analysis, nitrogen adsorption studies at -196°C, CO oxidation by O 2 at 150-250°C and H 2 O 2 decomposition at 30-50°C.
EXPERIMENTAL Materials
CuO/Al 2 O 3 mixed solid samples were prepared by treating a known mass of finely powdered Al(OH) 3 solid with a solution containing a calculated amount of copper nitrate dissolved in the least amount of distilled water sufficient to make a paste. The paste obtained was dried for 24 h at 100°C and then calcined in air for 3 h at 350, 450 or 650°C, respectively. The doped mixed solids were prepared by treating Al(OH) 3 with ammonium molybdate, drying at 100°C and then treating with Cu(NO 3 ) 2 solution. The solids thus obtained were dried for 24 h at 100°C and then calcined in air for 3 h at 350, 450 or 650°C, respectively. The amounts of dopant added were 0.25, 1.0 or 2.0 mol% MoO 3 , respectively. The chemicals employed were all of analytical grade as supplied by the Prolabo Company.
Techniques
X-Ray diffractogams of the pure and doped solids heated in air within the temperature range 350-650°C were obtained using a Philips type PW 13890 diffractometer, the patterns being run with Ni-filtered Cu radiation (l = 1.5405 Å) at 36 kV and 10 mA with a scanning speed of 2°in 2q/min.
The surface characteristics, viz. S BET and S t , for the pure and doped solids were determined from nitrogen adsorption isotherms measured at -196°C using a conventional volumetric apparatus. Before carrying out each measurement, the sample concerned was degassed under a reduced pressure of 10 -5 Torr for 2 h at 200°C. The catalytic decomposition of H 2 O 2 at 30, 40 or 50°C was conducted using 100 mg of a given catalyst sample with a 0.5 ml volume of H 2 O 2 of known concentration diluted to 20 ml with distilled water. The reaction kinetics were monitored by measuring the volume of oxygen gas liberated at different time intervals until equilibrium was attained. Measurements of the pH value of the H 2 O 2 solution were made before its addition to the catalyst sample and after equilibrium had been attained in the catalytic reaction.
The catalytic oxidation of CO with oxygen (CO + 1 / 2 O 2 ) was carried out with various catalyst samples at temperatures between 150°C and 250°C using a static method. A fresh 200 mg catalyst sample was employed for each kinetic experiment and activated by heating for 2 h at 300°C under a reduced pressure of 10 -6 Torr. Measuring the pressure of the reaction mixture at different time intervals until equilibrium was attained allowed the kinetics of the catalyzed reaction to be monitored. The reaction product (CO 2 ) was removed from the reaction atmosphere by freezing in a liquid nitrogen trap. This meant that the percentage decrease in the pressure of the reacting gases at any given time interval was equal to the percentage conversion in the catalytic reaction at that time.
RESULTS AND DISCUSSION
XRD studies of the calcination products of the pure and doped mixed solids X-Ray diffractograms of the pure and doped mixed solids heated in air at 350°C or 650°C were determined and are illustrated in Figures 1 and 2 , respectively. calcined at 350°C exhibited all the diffraction lines for the AlO(OH) and CuO phases with an excellent degree of crystallinity. However, doping this solid resulted in a progressive decrease in the degree of crystallinity to an extent proportional to the amount of dopant added. The increase in the degree of crystallinity may be related to the presence of the AlO(OH) phase which has a weak power of dispersion relative to the CuO phase. Figure 2 shows that an increase in the calcination temperature of the pure and doped solids to 650°C led to a significant decrease in the degree of ordering of the CuO phase and the formation of poorly crystalline g-Al 2 O 3 . It is known that Al 2 O 3 when used as a support material has the ability to disperse transition metal oxides on its surface. This ability is defined as the monolayer dispersion capacity (ElShobaky and Ibrahim 1989) . This expresses the necessary amount of a given metal oxide dispersed on an alumina surface to cover it with a monolayer thickness and is expressed as the mass of transition metal oxide per 100 Å 2 of the alumina surface (Jeziorowski and Knözinger 1986) . The present results indicate that an increase in the calcination temperature of the pure and doped solids to 650°C resulted in a significant decrease in the degree of ordering of the CuO phase due to the formation of poorly crystalline g-Al 2 O 3 having a very strong dispersive power compared to AlO(OH). Figure 2 also shows that the diffraction lines corresponding to MoO 3 or MoO 3 -CuO compound(s) were not detected in the patterns of the doped solid calcined at 650°C. This finding could be attributed to the possible presence of such compounds either as very small amounts and/or in an amorphous state.
Effect of MoO 3 on the specific surface areas of the CuO/Al 2 O 3 system
The specific surface areas (S BET ) of the pure and variously doped solids calcined in air at 350, 450 or 650°C were calculated from the linear plots obtained from an application of the BET equation to the nitrogen adsorption data determined at -196°C at P/P 0 values in the range 0.05-0.3. The corresponding S BET values are listed in Table 1 . An additional set of specific surface areas, S t , was obtained from the corresponding t-plots. These plots were constructed using suitable standard t-curves depending on the values of the C-constant in the BET equation as listed in the last column of Table 1 . The plots obtained for the pure and doped solids calcined at 350, 450 or 650°C were similar to each other. Figure 3 depicts a representative V versus t plot for the solids investigated. These plots exhibit an upward deviation in all cases, indicating the domination of wide pores and the existence of mesoporosity in all the solids investigated. Inspection of the data in Table 1 showed the following:
(a) The values of S BET and S t for the different solids investigated were close to each other, indicating that the correct choice of standard t-curves had been made and demonstrating the absence of ultramicropores from the solid materials. (b) The specific surface areas of the treated solids decreased on increasing the calcination temperature within the range 350-650°C. (c) Doping of the investigated system with MoO 3 followed by calcination at 350-650°C brought about a progressive measurable decrease in the specific surface areas. The decrease was, however, more pronounced for the solids calcined at 650°C.
Heat treatment of MoO 3 in air at ca. 795°C leads to its sublimation (Handbook of Chemistry and Physics 1961), i.e. its vapour pressure attains a value of 1 atm. This means that heat treatment at 650°C of the MoO 3 -treated solids investigated led to the generation of a significant vapour pressure for the MoO 3 phase much below 1 atm. The vapour thus generated can diffuse through the pores of the alumina support material and block some of its pores. This pore blocking could have been responsible for the significant decrease observed in the S BET values of the treated solids heated at 650°C.
Catalytic decomposition of H 2 O 2 over the pure and variously doped solids
The kinetics of the decomposition of H 2 O 2 in the presence of the pure and variously doped catalyst samples calcined in air at 350, 450 or 650°C were monitored by measuring the volume of oxygen liberated at different time intervals until equilibrium was attained. The reaction was followed at 30, 40 or 50°C, respectively. The catalytic decomposition was found to be first order in all cases. The slopes of the plots obtained (not given) allowed the ready determination of the reaction rate constant (k), as measured at a given temperature over a given catalyst sample. The computed values of k measured at 30, 40 or 50°C over the different solids investigated are listed in Table 2 . which accounts for the change in log A due to the doping process. For this reason, compensated values of the activation energy (DE a *) were calculated using the values of log A for the pure solid calcined at a given temperature for the other doped samples calcined at the same temperature. Such calculations of DE a * were undertaken using the Arrhenius equation in the form:
where k is the reaction rate constant for the catalytic reaction conducted over the doped catalyst sample at a temperature T and log A is the logarithmic frequency factor for the pure catalyst sample calcined at the same temperature as the doped catalyst sample. The values of DE a * thus computed are listed in the last column of Table 3 .
The results given in Table 3 indicate that the values of DE a * and DE a were identical for the pure solids, but DE a changed for the doped solids whereas DE a * remained virtually unchanged (giving values of 49 ± 5, 69 ± 5 and 55 ± 5 for the pure and doped solids calcined at 350, 450 and 650°C, respectively). These findings indicate that MoO 3 doping of the investigated system did not modify the mechanism of the H 2 O 2 decomposition reaction but rather brought about an increase in the concentration of the catalytically active sites present in the outermost surface layers of the treated solids. This conclusion obtained additional support from plots of the equation: A = a exp(hDE) derived on the basis of the dissipation function of active sites in terms of their energy as a consequence of surface heterogeneity:
where E i is the energy of interaction of site 'i' with the substrate (Balandin 1953) .
The plot of log A versus DE a for the various doped catalyst samples gave a straight line (Figure 4) , whose slope and intercept determined the values of h and a, respectively. The computed values of the 'h' constant were found to be 0.19, 0.15 and 0.18 mol/kJ for the pure and MoO 3 -doped solids calcined at 350, 450 and 650°C, respectively, while the corresponding calculated values of 'a' were 2 2.39, 0.035 and 2 1.48 min 2 1 , respectively. The constants 'h' and 'a' indicate that the doping process did not modify the dissipation of the active sites, i.e. the character of the surface heterogeneity. In other word, MoO 3 doping of CuO/Al 2 O 3 did not change the energetic nature of the active sites but increased the number of such sites. The observed remarkable increase induced in the catalytic activity of CuO/Al 2 O 3 in H 2 O 2 decomposition due to MoO 3 doping followed by calcination at 350-650°C could be attributed to the creation of new ion pairs involved in the catalytic reaction. These results are in agreement with those obtained on doping CuO catalyst specimens with both MgO and Ag 2 O followed by calcination in air at 300-700°C (Turky et al. 2001) .
Catalytic oxidation of CO by O 2 over the pure and variously doped solids
The catalytic oxidation of CO by O 2 was also conducted over the pure and variously doped solids calcined at 350, 450 and 650°C, respectively. In this case, the reaction kinetics were followed for catalyzed reactions conducted over the range 150-250°C. In all cases, the results obtained showed that the catalytic reaction followed first-order kinetics. Figure 5 shows representative first-order plots for CO oxidation by O 2 conducted at 200°C over the MoO 3 -free catalyst sample and those containing different amounts of MoO 3 , with all catalyst samples having been calcined at 350°C. The slopes of these plots determine the catalytic reaction rate constant (k). The computed values obtained were 15 × 10 -3 , 7.0 × 10 -3 , 4.8 × 10 -3 and 2.5 × 10 -3 min -1 for the MoO 3 -free catalyst and for those treated with 0.25, 1.0 and 2.0 mol% MoO 3 , respectively. The catalytic reaction was also conducted at 150°C and 200°C.
The effect of the amount of MoO 3 added to the CuO/Al 2 O 3 system calcined at 350-650°C on its catalytic activity as measured at 200°C is illustrated graphically in Figure 6 . This figure shows that the addition of a small amount of MoO 3 led to a sudden drop in the catalytic activity towards CO oxidation by O 2 carried out at this temperature. A similar decrease in catalytic activity was recorded for all the catalyst samples calcined in air at 350, 450 or 650°C, respectively; however, the decrease was more pronounced for catalysts calcined at 350°C. Figure 6 shows clearly that the addition of a small amount of MoO 3 (0.25 mol%) was accompanied by a drastic decrease in the values of the rate constant k, this amounting to 37%, 53% and 50% for reactions carried out at 200°C using catalysts calcined at 350, 450 and 650°C, respectively. The addition of further amounts of MoO 3 up to 2.0 mol% resulted in a further progressive decrease in k values to 73%, 80% and 90%, respectively. Doping in the system under investigation effected a very important increase in its catalytic activity towards H 2 O 2 decomposition as mentioned above. Hence, it must be concluded that the active sites involved in both catalytic reactions (H 2 O 2 decomposition and CO oxidation by O 2 ) must be different from each other. The same conclusion was derived previously for the behaviour of CuO/Al 2 O 3 doped with Li 2 O (El-Shobaky et al. 2001) .
The observed decrease in the catalytic activity in the CO oxidation by O 2 over CuO/Al 2 O 3 catalysts could be attributed to an effective decrease in the concentration of catalytically active sites taking part in chemisorption and catalysis in this reaction. These active sites may be surface copper oxide crystallites. Hence, the decrease in the surface concentration of CuO might result from a possible conversion of some CuO into an amorphous CuMoO 4 phase that could not be detected by XRD methods. Heat treatment of MoO 3 -doped solids might lead to an effective diffusion of molybdenum species from the interior of the solid up to the surface. This speculation arises from the fact that the sublimation temperature for MoO 3 is relatively low (795°C) (Handbook of Chemistry and Physics 1961) . The diffusion process might lead to the existence of enriched molybdenum on the catalyst surface that covers a portion of the latter. Furthermore, a portion of the surface copper species (catalytic active sites) could be converted into copper molybdate having a small catalytic activity. Both routes would bring about an effective decrease in the catalytic activity of the treated solids.
Determination of the activation energy, DE a , for CO oxidation by O 2 in the presence of different MoO 3 -treated solids as catalysts should throw more light on the role of MoO 3 in changing the mechanism of the catalyzed reaction. This was achieved by determining the catalytic reaction rate constant (k) at different temperatures in the range 150-250°C and then applying the Arrhenius equation. The computed DE a values are listed in Table 4 . The data shown in column 3 of this table clearly indicate that the DE a values for the catalytic reactions conducted over pure and doped solids calcined at 450°C and 650°C showed fluctuations, i.e. they increased and decreased. This finding is at variance with the significant decrease observed in the catalytic activity due to doping with MoO 3 . To account for such fluctuations in the DE a values, the activation energy of the catalyzed reaction were recalculated taking account of the observed changes in the frequency factor, A. The values of DE a * thus obtained were close to each other (within experimental error) for the solids calcined at 450°C and 650°C, with values of 49 ± 2 and 22 ± 3 kJ/mol being the activation energies for the catalytic reaction conducted over the investigated solids calcined at 350°C and 450°C, respectively.
However, on close inspection it is seen that the values of DE a * cited in the last column of Table 4 for solids calcined at 650°C showed a progressive increase as a function of the amount of MoO 3 dopant added. This could suggest that doping followed by calcination at 650°C brought about changes in both the concentration and nature of the active sites. It would appear that the catalyzed reaction occurs at the CuO sites on these surfaces produced a surface layer of copper molybdate. The greater the amount of MoO 3 added, the greater the amount of copper oxide converting to copper molybdate, i.e. the greater the amount of dopant, the smaller the catalytic activity and the greater the value of DE a *.
It may be concluded that MoO 3 treatment of the CuO/Al 2 O 3 system followed by calcination at 350°C or 450°C did not change the nature of the active sites but brought about an effective decrease in their concentration. However, the doping process followed by calcination at 650°C modified both the concentration and the nature of the active sites involved in the catalytic reaction.
CONCLUSIONS
The results obtained in the present study lead to the following main conclusions:
1. XRD studies of pure and MoO 3 -doped CuO/Al 2 O 3 solids calcined at 350°C produced spectra which contained all the diffraction lines corresponding to well-crystallized AlO(OH) and CuO phases. Increasing the calcination temperature to 450°C and 650°C led to an effective decrease in the crystallinity of the CuO phase with the subsequent formation of poorly crystalline g-Al 2 O 3 . The doping process decreased the crystallinity of the CuO phase. 2. Doping CuO/Al 2 O 3 with small amounts of MoO 3 (0.25-2.0 mol%) followed by calcination at 350°C or 450°C made no significant difference to the specific surface areas of the treated solids. However, similar doping followed by calcination at 650°C resulted in a significant decrease in the BET surface areas of the samples investigated. 3. The catalytic activity of the investigated system in H 2 O 2 decomposition increased as a function of the amount of MoO 3 dopant added. 4. Such treatment led to a measurable decrease in the catalytic activity of the doped solids towards CO oxidation by O 2 conducted at 150-250°C. 5. Doping followed by calcination at 350°C or 450°C did not modify the mechanism of the catalytic reactions but changed the concentration of active sites without changing their nature. However, MoO 3 treatment of CuO/Al 2 O 3 followed by calcination at 650°C modified the concentration and nature of the active sites taking part in chemisorption and catalysis of CO oxidation.
